Effect of deadwood of different tree species in various stages of decomposition on biochemical soil properties and carbon storage by unknown
ORIGINAL ARTICLE
Ewa Błon´ska • Magdalena Kacprzyk •
Anna Spo´lnik
Effect of deadwood of different tree species in various stages
of decomposition on biochemical soil properties and carbon storage
Received: 22 August 2016 / Accepted: 16 December 2016 / Published online: 3 January 2017
 The Author(s) 2017. This article is published with open access at Springerlink.com
Abstract The primary objective of this paper was to
estimate how the mass of Silver ﬁr (Abies albaMill.) and
Scots pine (Pinus sylvestris L.) deadwood in two decay
classes aﬀected biochemical processes and the accumu-
lation of soil organic matter, as well as the extent of this
impact. We evaluated deadwood mass, as well as the
biological activity and inﬂuence of the distance from
deadwood on biological activity and carbon (C) storage.
The investigation was carried out in Magurski National
Park, southern Poland, in four randomly selected study
plots. The organic C and nitrogen contents and soil pH
and texture were analysed. The study also included the
determination of enzyme activities. The results obtained
demonstrated that soil C storage and the biological
activity of the soil were inﬂuenced by deadwood form,
tree species and decay class. Signiﬁcant diﬀerences in the
C content in the soil between the logs of ﬁr and pine
trees were noted. With the advancement of the dead-
wood decomposition process, the C concentration and
enzyme activity increased slightly. Lower C accumula-
tion occurred further away from the deadwood. At a
100-cm distance from the deadwood, the inﬂuence of the
logs was not evident. Higher C storage was found in the
soil around the stumps than in the decaying logs. This
study conﬁrmed an important role of deadwood in for-
est ecosystems, i.e., maintaining species biodiversity and
increasing C accumulation in the soil environment with
a simultaneous increase in the biological activity of the
soil.
Keywords Dead lying trees Æ Dehydrogenase and b-
glucosidase activities Æ Forest soils Æ Organic matter
accumulation Æ Stumps
Introduction
Deadwood is a key component of carbon (C) pools in
forest ecosystems (Caz 1993; Currie et al. 2003; Bantle
et al. 2014). It aﬀects soil development, C stores, nutri-
ents and water and reduces erosion at the same time
(Kupferschmidt et al. 2003; Pichler et al. 2011).
According to Adamowicz et al. (2015), Polish forests
have approximately 52 million m3 of wood that origi-
nates from dead trees. The amount of organic matter
and soil C stocks are dependent on the vegetation, site
conditions and forest management practices (Yin 1999;
Debeljak 2006). Deadwood stock is inﬂuenced by forest
age, and old-growth forests usually contain large quan-
tities of C (Harmon and Hua 1991; Takahashi et al.
2000). In protected forest areas and in intensively man-
aged forest ecosystems (old-growth Norway spruce
mixed forest), stumps are usually present. These stumps
generally represent up to 10–25% of the total biomass of
living trees, and they store 15–20% of base cation con-
tent (Fine´r et al. 2003). The stumps are a major pool of
soil organic matter and nutrients, and they play an
important role in maintaining soil fertility (Wang et al.
2012). However, little is known regarding the eﬀect of
stumps on soil properties, particularly the biological
activity (Kappes et al. 2007).
Deadwood serves as a habitat and resource for many
insects and microbes (Davies et al. 2008; Persiani et al.
2010; Cocciufa et al. 2014), and it is a seedbed for plants
(Narukawa et al. 2003; Bacˇe et al. 2012). Soil enzymes
produced by microbes play a key role in the biochemical
process of organic matter decomposition (Kotroczo´
et al. 2014). Dehydrogenases (DHs) are enzymes
responsible for the oxidation of organic matter through
the movement of protons and electrons from a substrate
to an acceptor. This process constitutes a part of the
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respiration of soil microorganisms, and it is controlled
by soil type and water–air conditions (Kandeler 1996).
DHs provide information about the state of the envi-
ronment and the activity of microorganisms in the soil.
These enzymes are related to the quantitative changes in
microorganism populations, as only strictly intracellular
enzymes can truly reﬂect microbial metabolic activity;
compared with the degradation processes of extracellu-
lar soil enzymes, they are rapidly mineralized by other
enzymes, i.e., proteases (Wolin´ska and Ste˛pniewska
2012). b-glucosidase (BG) is an enzyme that participates
in the decomposition of cellulose to glucose. This en-
zyme catalyses the hydrolysis of glucosides. Cellulose is
quantitatively the most important organic compound in
the biosphere; consequently, the product of its enzy-
matic hydrolysis is important as an energy source for soil
microorganisms, being of signiﬁcant importance in the C
cycle (Sinsabaugh et al. 1991).
In contrast to forest succession, the eﬀects of
deadwood on biochemical soil properties, birds and
insects have not been extensively studied (Olajuyigbe
et al. 2011; Rinta-Kanto et al. 2016). Studies exam-
ining the diﬀerences between the eﬀect of coniferous
and broadleaf stumps on soil were presented by
Lombardi et al. (2013). However, knowledge of the
impact of deadwood on soil for selected broadleaf or
coniferous tree species, such as pine and ﬁr, is lacking.
Scots pine (Pinus sylvestris L.) is the main forest-
forming tree species in central-eastern Europe, while
Silver ﬁr (Abies alba Mill.), together with beech (Fagus
sylvatica L.), is the dominant tree species in the Car-
pathian region. Due to the high adaptability of com-
mon pine to diﬀerent environmental conditions and
the high productivity of ﬁr stands (Jaworski and Pach
2014), these tree species have high economic and
ecological importance in Europe. Therefore, informa-
tion on the inﬂuence of pine and ﬁr deadwood on soil
properties, speciﬁcally C stocks, is valuable for forest
management. In this study, we examined the eﬀect of
pine and ﬁr deadwood in two considerably diﬀerent
decay classes on the soil organic matter stock and
activities of enzymes known to play an important role
in the C cycle. The analysis included deadwood in an
advanced stage of decomposition to reveal the ﬁnal
result of the decomposition impact on the accumula-
tion of C and on the enzyme activity in the soil. Se-
lected decay classes prevailed in the forest areas
covered by this study. We estimated soil organic
matter stabilization at diﬀerent distances from decay-
ing logs and stumps based on part of a tree trunk that
protruded from the ground after a tree had fallen. We
aimed to estimate how the deadwood of diﬀerent
species in various phases of decomposition aﬀected the
accumulation of soil organic matter and enzyme
activity, as well as the extent of this impact. The fol-
lowing hypotheses were tested: (1) biological activity
would be stimulated in the presence of strongly de-
cayed deadwood; (2) the most pronounced eﬀect of
deadwood on the soil properties would be reﬂected in
its immediate vicinity; and (3) ﬁr and pine deadwood
would have diﬀerent impacts on the C storage and
biological activity of the soil.
Materials and methods
Study area
The investigation was conducted in Magurski National
Park, southern Poland (Fig. 1, 2146¢56¢¢E;
4950¢25¢¢N). The mean annual precipitation in the study
area ranges from 800 to 900 mm, and the average tem-
perature is 6 C. The elevation ranges from 300 to 600 m
above sea level (a.s.l.). The research areas are charac-
terized by exposure to a south-western slope of 15–20
and the presence of a mountain forest habitat. Sample
plots were located in an area with predominantly Ma-
gura tertiary sandstone and shale rocks, without the
Fig. 1 Localization of study area (Magurski National Park—southern Poland)
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inﬂuence of glacial till or loess. The test area was dom-
inated by Cambisols (WRB 2006) that developed from
medium and ﬁne-textured materials that had a favour-
able aggregate structure and a high content of clay
minerals. All study sites had similar conditions. Four
study plots were selected, including 60-year-old Silver ﬁr
stands (2 plots) and 50-year-old Scots pine stands (2
plots). In each study plot, 5 decaying logs and 2 stumps
in two diﬀerent decay classes (III and IV for decaying
logs, 3 and 4 for stumps) were selected for analysis.
Research plots were established around each deadwood
10 area (20 m · 50 m). The same forest management
practices were used in each stand.
Deadwood measurements
Dead lying trees and stumps were analysed in the test
areas. Whole logs, stems and fragments with a length
greater than or equal to 1.00 m and a thin-end diameter
of at least a 10.00 cm were considered. To ensure that
dead lying trees were in contact with the soil surface
since the beginning, windthrown trees were selected
from the inventoried deadwood.
For stumps, the selection criterion was a maximum
height of 1.30 m and a basal diameter that exceeded
10.00 cm. The number, size, form and decomposition
classes of trees in the stand were investigated. The decay
classes of the stumps were classiﬁed according to a six-
stage system, whereas dead lying trees were evaluated
based on ﬁve decay classes according to the classiﬁcation
of dead trees presented in Maser et al. (1979) (Table 1).
An additional element used in the assessment of the
physiological state of the dead trees was the extent to
which they were covered by mosses and lichens based on
a ﬁve-point scale: 0 (no coverage), 1 (coverage less than
or equal to 25%), 2 (coverage between 26 and 50%), 3
(coverage between 51 and 75%) and 4 (coverage more
than 75%). The dead tree inventory also included the
determination of their basic biometric parameters. In the
case of stumps, the basal diameter (DB) and height
(H) were measured. The length (L) and half-length
diameter (D1/2L), as the main attributes (Rondeux and
Sanchez 2009), were deﬁned for lying dead trees. The
diameter measurements were conducted using a circ-
umeter, with an accuracy of 0.1 cm. The tree height was
measured using a Suunto altimeter, with an accuracy of
0.1 m.
The contribution of the varying degrees of coarse
woody debris decomposition was determined by sum-
ming the length of the dead lying trees. In the case of
dead lying trees that varied widely in the advancement of
decomposition of the material in diﬀerent sections, the
highest accepted degree of decomposition was taken into
account. The thickness of the stumps was used to assess
the degree of stump decomposition. The volume (V) of
coarse woody debris and stumps was calculated using





































































































































































































































































































































































































































































































































































































V ¼ pd2 =40000 L Hð Þ
where V volume in m3, L length (dead lying trees), H
height (stumps) and d diameter.
Soil investigations
Due to the inability to determine the tree species to
which decaying logs and stumps with very advanced
decomposition belonged (decay classes 5 and 6 for
stumps, decay class V for logs) and the failure to yield
soil micronutrients by deadwood in the ﬁrst two decay
classes (Stokland et al. 2004, Rondeux and Sanchez
2009), only the third and fourth decay classes of dead
trees were taken into account in the analysis. Moreover,
the results were representative of each study site, as
stumps in decay classes 3 and 4 and dead lying trees in
decay classes III and IV were the most numerous
(Fig. 2).
Soil samples surrounding the stumps and decaying
logs were collected from the A horizon (0–10 cm) after
removing the organic horizon (O). The soil samples were
collected at three diﬀerent distances from the decaying
logs (0–10, 50–100). Two soil samples associated with
each stump were collected at 2 diﬀerent distances (0–10
and 50 cm). In all cases, samples for research were col-
lected from 4 sub-stands of the humus-mineral horizon
(A), and they were thoroughly mixed to yield a com-
posite soil sample. The soil samples were collected in
September 2015. For the determination of enzymatic
activity, one part of the fresh samples under natural
moisture conditions was sieved through a sieve (Ø
2 mm) and stored at 4 C before analysis. For the
analysis of the physico-chemical properties, the samples
were ﬁrst air-dried at room temperature and then sieved.
The soil particle-size distribution was estimated using
laser diﬀraction (Analysette 22, Fritsch, Idar-Oberstein,
Germany), and pH was determined in distilled water and
1 M KCl using the potentiometric method. The total
nitrogen (N) and organic C (Ct) contents were measured
using a LECO CNS True Mac Analyzer (Leco, St. Jo-
seph, MI, USA), and the C/N ratio was calculated. The
bulk density (BD) was determined with the use of Ko-
pecky rings with a volume of 250 cm3, based on the
dryer method (Ostrowska et al. 1991). The chemical
properties of each sample were determined based on two
replications. The DH (EC 1.1.1.1) and BG (EC 3.2.1.21)
activities were determined based on three replications.
DH activity was calculated by the reduction of 2,3,5
triphenyltetrazolium chloride (TTC) to triphenyl for-
mazan (TPF) using Lenhard’s method according to the
Casida procedure (Alef and Nannipieri 1995). The BG
activity was determined following the method proposed
by Eivazi and Tabatabai (1988) using p-nitrophenyl-b-
D-glucopyranoside (PNG) as a substrate.
The obtained results were used to evaluate the C
stored in the soil around the deadwood (various species
in various decay classes). The C stored in the soil hori-
zon (0–10 cm) was determined from the thickness and
the bulk density of the horizon:
CS ¼ Ct  BD  T  S=100
where CS carbon stored in soil (kg m2), Ct soil carbon
content (g kg1), BD soil bulk density (g cm3), T
thickness of the soil horizon (10 cm), S surface (1 m2).
The background value for soil without deadwood was
established to reference the obtained results. For this
purpose, additional soil samples were collected from
locations without deadwood. In all cases, the samples
were collected from 10 sub-stands.
Statistical analysis
Principal component analysis (PCA) was used to eval-
uate the relationships between soil properties and
deadwood characteristics. The variables used in the PCA
included the chemical properties, enzyme activity in the
soil, decay classes and the distance to the deadwood. The
diﬀerences between the mean values of soil properties
Fig. 2 The percentage of stumps (a) and dead lying trees (b) in
various decay classes in the study plots at the Magurski National
Park
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with respect to deadwood form and tree species were
evaluated using the nonparametric U Mann–Whitney
test. The impact of distance to the deadwood on the C
accumulation and biological activity in the soil was
tested using the Kruskal–Wallis test. The statistical sig-
niﬁcance of the results was veriﬁed at a signiﬁcance level
of a = 0.05. All statistical analyses were performed
using Statistica 10 software (2010).
Results
Characterization of deadwood
At four study sites, 55 stumps (average 3.50 m3 per
hectare) and 42 decaying logs (average 15.09 m3 per
hectare) were recorded. The mean volume of Scots pine
decaying logs reached 10.89 m3 ha1 (ca. 1% of the
volume of living trees). For Silver ﬁr logs, the mean
volume was evaluated as 17.63 m3 ha1 (ca. 3% of the
volume of living trees). The average diameter of the
decaying logs and stumps did not exceed 15.00 and
35.00 cm, respectively (Table 2). The decay classes 3 and
4 of the ﬁr and pine stumps and the decay classes III and
IV of the ﬁr and pine decaying logs were the most
numerous (Fig. 2). A diﬀerence in the physiological
conditions related to the coverage by mosses and lichens
was observed between the ﬁr and pine deadwood.
Approximately 30% of the ﬁr stumps and decaying logs
were characterized by moss and lichen coverage at a
level that exceeded 50%, whereas the share of logs with
the same moss and lichen coverage did not reach the
10% level (Table 3).
Deadwood decay classes and soil properties
The C and N contents diﬀered depending on the species
of deadwood, the type of deadwood (tree stumps,
decaying logs) and the deadwood decay classes (Ta-
bles 4, 5). The values of the mentioned soil characteris-
tics were higher for stumps in decay class 4 and decaying
logs in decay class IV in comparison to less decomposed
deadwood (decay class III for decaying logs and decay
class 3 for stumps); it is important to note that the dif-
ferences were particularly pronounced in the soil in the
immediate vicinity of the deadwood (Tables 4, 5).
The dependence of soil C storage on the decay classes
was proven. Regardless of tree species, deadwood in the
fourth decay class resulted in signiﬁcantly higher accu-
mulation of C than deadwood in the third decay class. In
the soil around the ﬁr deadwood, the C accumulation in
the fourth decay class was 25% higher than in the soil
around the ﬁr deadwood in the third decay class. The
increase in the C accumulation associated with the decay
classes was lower in the soil around the pine deadwood
(7%) (Table 7).
A projection of the variables on the factor plane
clearly demonstrated correlations between the soil
properties and the decay classes of the deadwood. In the
case of logs, two main factors had a signiﬁcant total
impact (58.9%) on the variance of the variables. Factor
1 explained 41.02% of the variance of the examined
properties, and factor 2 explained 17.9% of the variance
(Fig. 3). Factor 1 was deﬁned as ‘‘C storage’’. The other
factor was deﬁned as the ‘‘biological activity of the soil’’.
DH activity was strongly correlated with the deadwood
decay classes. BG activity was positively correlated with
the N and C contents, and it was negatively correlated
with pH and the clay content (Fig. 3a). In the case of
stumps, the two factors had a signiﬁcant total impact
(71.8%) on the variance of the variables. Factor 1 ex-
Table 2 Biometric parameters of dead lying trees and stumps in the study plots at the Magurski National Park
Tree species Form of deadwood
Decaying logs Stumps
N D1/2L (cm) L (m) V (m
3ha1) VP (%) N DB (cm) H (m) V (m
3ha1) VP (%)
Scots pine 18 13.68 (3.96) 5.95 (3.78) 10.89 (10.50) 1.1 32 35.85 (14.54) 0.25 (0.25) 3.42 (7.15) 0.5
Silver ﬁr 24 12.66 (6.32) 7.15 (5.28) 17.63 (27.02) 3.2 23 30.73 (12.14) 0.32 (0.13) 4.21 (2.03) 0.7
Total 42 13.08 (5.40) 6.63 (4.68) 15.09 (21.65) 2.1 55 33.71 (13.71) 0.27 (0.14) 3.50 (5.64) 0.6
For each characteristics the mean value and the standard deviation (in parentheses) were given
N number of deadwood of a given form, D1/2L diameter in half of the length, DB base diameter, L length, H height, V volume; VP volume
proportion relative to living trees
Table 3 The percentage (%) of deadwood in distinguished degrees






Scots pine Silver ﬁr Totala
Decaying logs 0 64 29 45
1 22 29 26
2 7 12 10
3 7 24 16
4 0 6 3
Stumps 0 44 8 29
1 31 13 23
2 19 46 30
3 6 29 16
4 0 4 2
a The total share of deadwood inventoried on all study plots in a
given degree of mosses and lichens coverage
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plained 53.1% of the variance of the examined proper-
ties, while factor 2 explained 18.6% of the variance
(Fig. 3b). BG activity was strongly correlated with the
deadwood decay classes, as well as with the C and N
contents. DH activity was negatively correlated with the
C/N ratio.
Distance from deadwood and soil properties
In the case of logs, the highest C content (79.0 g kg1)
was measured in the soil in the immediate vicinity of
ﬁr logs in the fourth decay class, whereas the lowest C
content (31.4 g kg1) was recorded in soil located
Table 4 The characteristics of soil (average and range) taken in the vicinity of decaying logs of diﬀerent species, in various decay classes
and distance to the deadwood
Tree species DC Dist N Ct C/N pH in H2O pH in KCl Clay content DH BG
































































































































































































DC decay classes, Dist distance to the deadwood (cm), N total nitrogen content (g kg1), Ct carbon content (g kg1); DH dehydrogenase
activity (lmol TPF kg1 h1); BG b-glucosidase activity (mmol pNP g1 h1), diﬀerent small letters in the upper index of the mean
values mean signiﬁcant diﬀerences
Table 6 Comparison of soil characteristics for decaying logs and
stump system (diﬀerences between form of deadwood, tree species
and soil properties; U Mann–Whitney test)
Form and species of deadwood P value
N Ct DH BG
Decaying logs–stumps 0.1708 0.0291 0.1413 0.2718
Fir stumps–pine stumps 0.6375 0.9768 0.0024 0.7510
Fir decaying logs–pine
decaying logs
0.1107 0.0085 0.2146 0.0232
Values in bold are statistically diﬀerent (p < 0.05), N total nitro-
gen content (g kg1), Ct carbon content (g kg1), DH dehydroge-
nase activity (lmol TPF kg1 h1), BG b-glucosidase activity
(mmol pNP g1 h1)
Table 5 The characteristics of soil (average) taken in the vicinity of stumps of diﬀerent species, in diﬀerent decay classes and distance to
the deadwood
Tree species DC Dist N Ct C/N pH in H2O pH in KCl Clay content DH BG
Silver ﬁr 3 0–10 3.2 52.9 16.7 4.00 3.00 8 10.00 474.09
50 2.6 43.8 17.1 4.06 3.00 8 14.20 605.36
4 0–10 6.3 142.6 22.5 3.41 2.55 5 7.30 427.25
50 2.3 40.7 18.0 3.74 2.91 8 11.77 1973.31
Scots pine 3 0–10 2.8 55.2 19.7 5.03 3.71 11 19.51 357.65
50 3.3 35.8 10.8 5.58 4.28 14 31.37 811.09
4 0–10 7.1 131.3 18.6 4.17 3.14 5 31.68 689.50
50 3.8 61.6 16.0 4.22 3.28 5 34.60 1090.41
DC decay classes, Dist distance to the deadwood (cm), N total nitrogen content (g kg1), Ct carbon content (g kg1), DH dehydrogenase
activity (lmol TPF kg1 h1), BG b-glucosidase activity (mmol pNP g1 h1)
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100 cm from pine logs in the third decay class (Ta-
ble 4). The highest DH activity was recorded in the
soil in the immediate vicinity of pine logs in the fourth
decay class (33.27 lmol TPF kg1 h1), and the lowest
activity was 10.65 lmol TPF kg1 h1, which was re-
corded in soil located 100 cm from ﬁr logs in the third
decay class (Table 4). High BG activity was observed
in the case of soil collected 10 cm from decaying ﬁr
logs (Table 4). The C and N contents and the enzyme
activity decreased with distance from the logs. At a
distance of 50 cm from the logs, the C content was
20% lower compared with the soil in the immediate
vicinity of the logs. The C content in soil located
100 cm from the logs was 30% lower compared with
the soil in the immediate vicinity of the logs. The DH
activity in soil collected 100 cm from a log was 40%
lower compared with soil located 0–10 cm from a log.
Statistically signiﬁcant diﬀerences were observed for
the C content, C/N ratio and DH activity in relation
to the distance from a log. Clearer diﬀerences were
noted in the case of soil collected from around
decaying logs in the fourth decay class (Table 4). The
enzymatic activity around stumps was distributed, in
contrast to the decaying logs. The greater the distance
from a stump, the higher the BG and DH activities.
The DH activity increased by an average of 50% at a
50 cm distance from a stump, regardless of species and
the decay class. The C content around the stumps was
distributed similarly to that around the stems. The C
content decreased with the distance from a stump
depending on the decay class. In the case of soil
around the ﬁr and pine stumps in the 4th decay class,
the C content decreased more than 50% compared
with the soil collected in the immediate vicinity of the
stumps. The C content decreased with distance from a
stump (Table 5). PCA conﬁrmed negative correlations
between C stored in the soil and the distance from the
deadwood (Fig. 3a, b).
Deadwood species and soil properties
The N and C contents reached slightly higher values in
the ﬁr than in the pine logs, whereas the opposite was
observed for stumps (Tables 4, 5). Interestingly, statis-
tically signiﬁcant diﬀerences in the C content of dead
lying trees and stumps were reported (Table 6).
No signiﬁcant diﬀerences in the C content of the ﬁr
and pine stumps were noted, while tree species had a
statistically signiﬁcant impact on the DH activity in the
soil around the stumps. Regardless of the decay classes
Table 7 Carbon storage (kg C m2) in soil horizon (0–10 cm)
around decaying logs and stumps
Tree species Dist Carbon storage around deadwood
DC Decaying logs DC Stumps
Silver ﬁr 10 3 4.92 III 5.46
50 4.70 4.75
100 4.44 n.d.
10 4 7.06 IV 9.00
50 6.16 4.49
100 5.66 n.d.
Background value 4.43 4.43
Scots pine 10 3 4.54 III 5.62
50 3.76 4.05
100 3.64 n.d.
10 4 5.38 IV 8.82
50 3.93 6.06
100 3.67 n.d.
Background value 3.51 3.51
DC decay classes, Dist distance to the deadwood, n.d. no deter-
mined
Fig. 3 The projection of variables on a plane of the ﬁrst and second
factor in soil around decaying logs (a) and stumps (b) (N total
nitrogen content; Ct carbon content; DC decay class; Dist distance
from deadwood; DH dehydrogenase activity, BG b-glucosidase
activity)
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of the decaying logs, signiﬁcantly higher BG activity (an
average of 15% in decay class III and 25% in decay class
IV) was noted for ﬁr logs compared with pine logs
(Table 4). Soil collected from around the pine stumps
was characterized by higher activities of DH and BG
compared with the ﬁr stumps (Tables 5, 6).
The C stored in the soil surrounding decomposed
deadwood ﬁr was approximately 25% higher (kg C
m2) than that around the pine deadwood. In decay
class III, the C stored in the immediate vicinity of the ﬁr
and pine logs amounted to 4.92 and 4.54 kg C m2,
respectively. In decay class IV, the C stored in the
immediate vicinity of the decaying ﬁr logs was 7.06 kg
C m2 compared with 5.38 kg C m2 for pine logs.
Smaller diﬀerences in the C stored in the soil around ﬁr
and pine stumps were recorded (Table 7).
Discussion
The results obtained indicated that the soil C storage
and biological activity of the soil were inﬂuenced dif-
ferently by deadwood depending on its form, species,
and decay class and by the distance from the deadwood.
A strong stimulating eﬀect of deadwood on the biolog-
ical activity of the soil was reported. According to Laj-
tha et al. (2005), deadwood stimulates the availability of
labile C. Our results conﬁrmed that the amount of
available C depends on the decay class of the deadwood.
In our study, strong correlations between BG activity
and the C content and between DH activity and the
deadwood decay classes were noted (Fig. 3). The higher
the decay class, the more C substrates contained in the
soil, which stimulate the decomposition of soil organic
matter. Veres et al. (2013) and Wolin´ska et al. (2015)
proved that soil enzyme activities were ‘sensors’ of soil
organic matter decomposition. The decomposition of
soil organic matter depends on the environmental con-
ditions such as temperature, humidity, pH and Eh, the
presence of electron acceptors (e.g., O2, SO4
2, NO3
,
humic substances) and the accessibility of microorgan-
isms and their enzymes (McLatchey and Reddy 1998;
Wu and Blodau 2013). In this study, diﬀerences in the
enzymatic activity between the soil around the ﬁr and
pine decaying logs were observed. Higher BG activity
was measured in soil around the ﬁr logs, while at the
same time, high C storage occurred (Table 4). The dif-
ference in the enzymatic activity of the soil around the ﬁr
and pine logs could be associated with the characteristics
of the test wood species, which were ultimately reﬂected
in the amount and quality of the organic matter. Higher
DH activity was measured in the soil around the pine
deadwood, where higher quality organic matter was
present (lower C/N ratio compared with soil around ﬁr
deadwood) (Tables 4, 5). The C/N ratio is often used to
describe litter quality (Zhang et al. 2008; Handsson et al.
2011). According to Fontaine et al. (2003), both the
amount and quality of soil organic matter is important
because organic matter aﬀects the supply of energy for
microbial growth and enzyme production. In addition,
the accumulation of organic matter and the biological
activity in the soil can be aﬀected by mosses and lichens.
According to Sedia and Ehrenfeld (2006) and Delgado-
Baquerizo et al. (2015), lichens and the bryophytic
community have a strong impact on the deadwood
decomposition rate and the soil enzyme activity. When
the extent of decaying logs covered by lichens and
mosses increased, a more advanced process of wood
decay was observed (Harmon 1989; Kushnevskaya et al.
2007). In our results, a ﬁvefold higher coverage of ﬁr
logs (>50% covered by mosses and lichens) relative to
pine logs was observed. The increased coverage of ﬁr
logs by mosses and lichens can be explained by the
substrate moisture conditions. High log humidity is
conducive to colonization by mosses and lichens, and
this increases the species richness (Rixen and Mulder
2005; Benavides et al. 2006). Moreover, log coverage by
bryophytes was signiﬁcantly correlated with decay class
(Wierzgon and Fojcik 2014). This result appears to
conﬁrm those presented by Paletto and Tosi (2010), who
demonstrated a higher moisture content for ﬁr com-
pared with pine dead lying trees and an increase in the
value of parameters with the advancement of deadwood
decay.
In this paper, we attempted to determine the impact
of the distance from the deadwood (in the form of
decaying logs and stumps) on soil properties. The
highest C storage was recorded in the immediate vicinity
of the decaying logs and stumps. Lower C accumulation
occurred further away from the deadwood. At a 100-cm
distance from the deadwood, the inﬂuence of the
decaying logs was not evident (Table 4). The deadwood
mass has been reported to be the main source of C (Caz
1993). The release of nutrients from deadwood can oc-
cur in several diﬀerent ways. The ﬂow of nutrients oc-
curs through the mycelia of wood-decomposing fungi
(Zimmerman et al. 1995), as well as through the mycelia
of ectomycorrhizal fungi (Lepsˇova´ 2001). The products
of gradual decomposition accrue in the zone nearest the
tree trunk. Further away from the deadwood, little
mixing occurs between decomposed organic substances
and the surface of the soil. Peeled bark, chipped frag-
ments of wood and the movement of the decomposition
products inside the rhizomorphs of fungi support these
observations. The mechanical shredding of deadwood in
various decay classes by animals searching for insects
was also a cause of the distribution of organic matter
away from the deposition location. The C/N ratio fur-
ther away from the deadwood (50 and 100 cm) was
lower compared with the 0–10 cm distance from the
deadwood. Poorly decomposed organic matter occurred
closest to the deadwood, and organic substances were
supplied from the direct decay of logs and stumps, as
shown by the higher C/N ratios. The accumulation of
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organic matter and the biological activity of the soil
decreased with distance from the logs. The opposite was
noted in the case of stumps (Table 5). There was a clear
decrease in pH and enzymatic activity around the
stumps. Previous studies on the eﬀect of individual trees
on soil properties (Skeﬃngton 1983; Boettcher and
Kalisz 1990) tended to show a soil pH decrease close to
the tree trunk. The investigations conducted by Gruba
(2009) showed that the organic matter in soil around
trees was crucial for the spatial distribution of soil
properties. The activity of mycorrhizal fungi was also
important. A signiﬁcant source of easily degradable or-
ganic C is rhizodeposits, which include root cap and
border cell loss, death and lysis of root cells, gaseous
losses, and the passive and active releases of solutes (root
exudates) (Hinsinger et al. 2009). In our study, the
density of ﬁne roots in the soil located 10 cm from the
stump was presumably lower than in the soil located
50 cm from the stump, which may be the cause of in-
creased activity of enzymes in the soil located further
from the stumps. Regardless of the species and decay
class, the enzyme activity was more than 50% higher in
soil located 50 cm from the stump relative to soil located
10 cm from the stump.
In this study, there was a statistically signiﬁcant dif-
ference in the C content in the soil around the logs of the
ﬁr and pine trees (Table 6). This may have been caused
by the physical characteristics of the wood. According to
Krzysik (1974), ﬁr wood has a lower density (0.45 g
cm3) compared with pine (0.55 g cm3). At the same time,
ﬁr wood is less saturated with resin compounds. The
resinous compounds pose mechanical obstacles that
hinder the spread of fungi in wood, and they have a toxic
eﬀect on fungi and inhibit their development. These
features result in ﬁr wood decomposing more rapidly
compared with pine wood. There was a slight increase in
the C content in the area surrounding the decaying logs
in decay class IV in relation to dead lying trees in decay
class III (Table 7). It is highly probable that the diﬀer-
ence resulted from the changes in deadwood density,
which were associated with the advancement of log de-
cay. As the decomposition of the wood increased, the
wood density decreased. This phenomenon has been
reported to be most noticeable between the fourth and
ﬁfth decay classes (Sandstro¨m et al. 2007; Paletto and
Tosi 2010). Lombardi et al. (2013) observed diﬀerences
in the cellulose and lignin levels in most decayed wood
samples. It may be hypothesized that the presence of
cerambycid frass and fungi in the xylem increased the C
concentration, as shown in previous studies (Torres
1994). During the assessment of the degree of decom-
position of deadwood in the ﬁeld, we found that decay
class III was characterized by larger hard fragments with
a circular shape and fragmented bark. The logs classiﬁed
in decay class IV presented small pieces, an oval shape
and no bark, which were associated with the change in
the density of the wood. During the evaluation of the
wood decay classes in the ﬁeld, we observed that in the
same decay class, the ﬁr and pine wood diﬀered with
respect to hardness. Pine wood was harder (higher
density) compared to ﬁr wood. There were also signiﬁ-
cant diﬀerences in the C content in the soil around the
stumps and decaying logs. There was higher C storage in
the soil around the stumps (Table 7). Stumps are asso-
ciated with an extensive root system that ﬁlls the space
around the trunks. According to Janssens et al. (2002),
roots are the key component of the underground part of
forest ecosystems and the primary source of soil organic
matter. Forest litter and roots deliver organic matter
that contains various components, such as soluble sug-
ars, organic acids, celluloses and lignin (Baldrian and
Sˇnajdr 2011).
The results obtained conﬁrmed an important role of
deadwood in forest ecosystems through enhancement of
C accumulation in the soil environment with a simul-
taneous increase in the biological activity of the soil.
Logs and stumps in advanced decay stages most strongly
inﬂuenced the soil properties. Knowledge of the mech-
anisms and factors aﬀecting the dynamics of organic C
accumulation in forest soils can be useful in reducing
climate change impacts on forest ecosystem health.
Deadwood in forests should be protected because it can
serve as a cheap and sustainable method for protecting
and increasing the C stocks in soil. A better under-
standing of deadwood decomposition processes will
complement information on the global C cycle.
Conclusions
The results obtained demonstrated that soil C accumu-
lation and the enzyme activity in the soil were inﬂuenced
by deadwood form, tree species and decay class. A
higher accumulation of C was measured in the soil
around the stumps. The stumps were associated with an
extensive root system, which ﬁlled the space around the
trunks. There were signiﬁcant diﬀerences in the C con-
tent in the soil around the logs of ﬁr and pine trees.
Biological activity was stimulated in the presence of
strongly decayed deadwood. The C concentration in-
creased slightly from decay classes 3–4 for stumps and
from decay classes III to IV for decaying logs. The
highest accumulation of C was observed in the imme-
diate vicinity of decaying logs and stumps. A lower C
accumulation in the soil was observed further away from
the deadwood.
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